This communication discusses the optimization of key factors for the enhanced bio-hydrogen production from water hyacinth. Three critical factors inoculums age (18-24 h), inoculums volume (20-80 ml/l) and concentration of sulphuric acid (0.5-2.0%) were optimized by response surface methodology (RSM) with central composite design (CCD) for better production. RSM analysis showed that all three factors significantly influenced hydrogen production. The optimum hydrogen production was 705 ml/l obtained with 21 h old bacterial culture, 50 ml/l inoculums with 1.25% sulphuric acid pre-treatment. The hydrogen concentration produced by Clostridium acetobutylicum NCIM 2877 was enhanced after using RSM. The results obtained indicate that RSM with CCD can be used as a technique to optimize culture conditions for enhancement of hydrogen production by pre-treatment of low-cost organic substrate; water hyacinth using dark fermentation methods may be one of the most promising approaches.
Keywords: Central composite design, Clostridium acetobutylicum NCIM 2877, hydrogen production, response surface methodology, water-hyacinth. BIOHYDROGEN has high energy density (122 kJ/g) and also does not produce any harmful combustion products. These characteristics make it the most promising and advanced biofuel when compared to other biofuels. Processes such as steam reformation and water electrolysis are efficient methods for hydrogen production but require high energy input, whereas biological processes are operated at ambient temperature and mild operational conditions. Certain bacterial species like clostridium and enterobacter are used in the process of dark fermentation for biohydrogen production. However, there are two bottlenecks in the biological hydrogen production process. They are, low hydrogen yield and high-cost substrates. Conventional substrates like glucose, sucrose and starch used for biological hydrogen production are expensive which restricts the application and development of biohydrogen 1 . Water hyacinth (Eichhornia crassipes) is a freefloating aquatic plant. In India it was first observed in West Bengal, in the beginning of 1890, and is now found throughout the country. It grows very fast and leads to problems such as navigation and irrigation 2 . Compared to other bio-energy plants annual production of the yield of water hyacinth is 39.5 tonne/ha-year (ref. 3) . It mainly consists of cellulose (18-31%), hemicellulose (18-43%), and lignin (7-26%) 4 . It will be a great promotion for the development of clean biological energy and reduction of environment pollution if the biomass from water hyacinth is utilized as a substrate. The above-mentioned components of water hyacinth can be hydrolysed easily into fermentable sugar. In most research studies, conversion of lignocellulosic materials to hydrogen consists of two steps: firstly, hydrolysis of lignocellulosic materials to monosaccharides by acidic, alkaline or enzymatic pretreatments followed by fermentation process for the production of bio-hydrogen. During the pre-treatment process solid lignin is destroyed and removed, which tightly surrounds the hemicelluloses and cellulose. These are then further hydrolysed into reducing sugars, which can further be utilized by the anaerobic bacteria for the production of bio-hydrogen 5 . Researchers are using various pre-treatment methods such as mechanical, biological, acid or alkali, steam explosion, hot water, supercritical CO 2 treatment, microwave irradiation, for the hydrolysis of complex framework of biomass [6] [7] [8] [9] . Alkali treatment is inefficient for hemicelluloses and water hyacinth contains high hemicelluloses. Acid pretreatment is more favourable for the disruption of lignocellulosic material and in degradation of hemicelluloses. Therefore acid pretreatment is considered as one of the suitable and efficient methods for pretreatment of water hyacinth 10, 11 . In this study, effects of three different factors (inoculums age, inoculums volume and concentration of sulphuric acid) and their interactions on H 2 fermentation by Clostridium acetobutylicum NCIM 2278 using RSM with CCD, at room temperature and conditions for maximized H 2 production were studied.
Freshwater hyacinth was collected from Kharun River, Raipur, Chhattisgarh (India). It was washed with tap water for the removal of adhering dirt. Then it was chopped into small pieces and air dried. Further, the sample was milled and stored at room temperature. Bacterial culture of Clostridium acetobutylicum NCIM 2877 was purchased from NCIM (National collection of Industrial Microorganism) Pune, India. The culture was grown in cooked meat broth medium (beef extract 4.5 g, dextrose 0.2 g, peptone 2.0 g, NaCl 0.5 g pH 7).
The batch experiment of bio-hydrogen production was carried out in a 250 ml conical flask. 10 g of water hyacinth (leaves, stems or roots) pre-treated with concentrated sulphuric acid was inoculated with a specific volume of bacterial broth (ml) with specific age (h). CCD was applied to find out the effects of these variables. A solid residue was separated from the hydrolysate by filtering through a cheese cloth. The pH of acid hydrolysate was adjusted to 6 with 1 N NaOH and 1 N HCl and the hydrogen production was operated at 37C for 3 days. The biohydrogen and CO 2 released from the fermentor headspace ran through a liquid filter (20% KOH) where CO 2 was absorbed and collected in a graduated cylinder.
For the assessment of factors affecting hydrogen production from water hyacinth hydrolysate, a factorial central composite experimental design (CCD) and RSM (Response Surface Methodology) using minitab 16 (Minitab, Inc., State College, PA) 12 were conducted to evaluate the key variables in influencing hydrogen production potential from three selected factors, inoculums age (X 1 ), inoculums volume (X 2 ) and concentration of sulphuric acid (X 3 ). RSM is a statistical technique used for multiple regression analysis using the quantitative data obtained from an experimental design for solving multivariate equations. The response surface is a graphical representation of these equations. The range and levels of variables are presented in Table 1 . Output dependent variable was hydrogen production. The relation between the coded and real values is described by following equation for statistical analysis
where x i is a coded value of the variable X i (Table 1) , X i is the real value of the ith independent variable, X 0 the real value of X i at the center point and X i is the step change of the value. The polynomial quadratic equation was used to correlate each response variable (X 1 , X 2 and X 3 ) to independent variables. The mathematical equation is
where Y i is the predicted response,  0 the offset term,  1 ,  2 and  3 are linear coefficients,  11 ,  22 and  33 are square coefficients,  12 ,  23 and  13 are interaction coefficients. The model was evaluated using ANOVA with a significance level (P  0.05) and statistically fitting (R 2 ). Inoculums age, inoculums volume and concentration of sulphuric acid were selected to investigate their interactive effects for enhanced bio-hydrogen production, using RSM and CCD (Table 1) .
Following second order polynomial equation was established by applying multiple regression analysis to the experimental data where Y is the predicted yield of hydrogen, X 1 , X 2 and X 3 are the coded values for inoculums age, inoculums volume and concentration of sulphuric acid respectively. Analysis of variance (ANOVA) was conducted for significance of the fit of the second order polynomial equation for the observed experimental data ( Table 2) .
To check the significance of each variable, P-values were used as tools which also indicate the strength of interaction between each independent variable. If the P value is smaller, the significance of the corresponding variable is higher. The corresponding P value is <0.0001 for model F value of 216.28 suggesting that the model is significant (Table 3) .
Here the R 2 value is 99.49% suggesting that the model could explain 99.49% of the variability of response which implies that the selected model is reliable for good hydrogen production for the present study. The result also shows that the quadratic model in terms of inoculums age (X 1 ), inoculums volume (X 2 ) and concentration of sulphuric acid (X 3 ) have significant influences on hydrogen production potential (P-value < 0.0001). Figures 1-3 show response surface plots which depict the interactions between pairs of variables when the other variable is kept at zero level for hydrogen production. Figure 1 and Tables 2 and 3 show response surface plot, the interaction effect of inoculums age and volume, on bio-hydrogen production, with inoculums age ranging from 18 to 24 h, volume (20-80) ml/l. The P values for each factor are less than 0.001, suggesting that these factors are helpful in enhancing the bio-hydrogen production. Interaction of these two factors also affected bio-hydrogen production in a positive way, because the p-value (P < 0.013) was less than 0.05 (Tables 3 and 4) . Figure 1 and Table 3 shows that hydrogen production decreased when inoculums age and volume were at -1 (18 h inoculums age, 20 ml/l inoculums volume) the volume was about 482 ml/l. With higher inoculums age (24 h) and volume (80 ml/l) level +1 the yield increased to 522 ml/l. At the central points (level 0 with 21 h and 50 ml/l), the total gas production was 552 ml/l and 479 ml/l for inoculums volume at level -x (0.454 h) and +x (100.454 h) respectively. The production further increased to 583 ml/l and 579 ml/l with inoculums age and volume at level 0, 21 h and 50 ml/l respectively. Age of inoculums is directly related to the healthy growth of bacterial culture and also with hydrogen production. Therefore many workers have optimized inoculums age and volume for successful biohydrogen production. Kotay and Das 13 achieved the best production of hydrogen from 14 h old culture with 10% inoculums volume. Japaar et al.
14 achieved maximum production of 138.05 ml/g with 24 h bacterial culture. Prakashan et al. 15 by comparing all ANOVA data amongst all the selected factors, concluded that inoculums size showed the most significant effect on bio-hydrogen production followed by inoculums age. Inoculums age and volume contributed its regulatory role more than 70%.
The interactive effect of inoculums age and concentration of sulphuric acid are shown in Figure 2 and Tables 3  and 4 . The P-value for X 2 X 3 is 0.255, showing that this interaction is not so significant for bio-hydrogen production. At level-1 (X 2 is 20 ml/l and X 3 is 0.50%), the production was 482 ml which increased to 505 ml at +1 level. At central point 0 (X 2 is 50 ml/l and X 3 is 1.25%), a sharp decrease in production was observed, i.e. 472 and 422 ml.
Ferchichi et al. 16 worked with Clostridium saccharoperbutylacetonicum ATCC 27021 and got maximum production of 2.36 mm/h with 10% inoculums volume. Mannikadan et al. 17 worked on various parameters affecting biohydrogen production from sugarcane bagasse using bacillus sp. and achieved maximum biohydrogen yield of 0.23 mol H 2 /mol of the substrate at 4% (v/v) inoculums size.
The interactive effect of inoculums volume and concentration of sulphuric acid is shown in Figure 3 and Tables 3 and 4 . The P-value for X 1 X 3 is 0.636, showing that this interaction is not so significant for bio-hydrogen production. At level-1 (X 1 is 18 h and X 3 is 0.50%), the production was 482 ml which increased to 493 ml at +1 level (X 1 is 24 h and X 3 is 2.0%), At central point 0 (X 2 is 50 ml/l and X 3 is 1.25%), a sharp increase in production was observed, i.e. 552 ml.
Cheng et al. 18 carried out microwave assisted dilute acid pre-treatment of water hyacinth at 1% sulphuric acid and achieved production of 134.9 ml/g total volatile solids (TVS). Pattra et al. 19 optimized various factors affecting acid hydrolysis of water hyacinth using RSM and CCD and achieved maximum hydrogen production of 127.6 mmol/H 2 /l with 1.31% (v/v) concentrated sulphuric acid pre-treatment. Acid pre-treatment methods are the most effective for dissolving cellulose and hemicelluloses of water hyacinth.
Critical factors affecting bio-hydrogen production has been optimized by RSM in many studies. However to the best of our knowledge three selected factors (inoculums age, volume and concentration of sulphuric acid) in the present study has not been studied before by RSM. Age and volume of inoculums are factors linked with the performance of the culture; aged cultures are responsible for poor production of bio-hydrogen. Hydrogen production is basically affected by the yield of reducing sugars from hydrolysis. High hydrogen yield corresponds to an efficient pretreatment method which results in high reducing sugar yields.
The present study focused on optimization of factors for enhancement of bio-hydrogen production using RSM with CCD. The obtained results show that three *For correspondence. (e-mail: abhay_s@rediffmail.com) independent variables (inoculums age, volume and concentration of sulphuric acid) and their interactions significantly influenced the hydrogen production. Optimum conditions optimized during the study were inoculums age, 21 h, inoculums volume, 50 ml/l and concentrations of sulphuric acid, 1.25%. Maximum bio-hydrogen production obtained with these optimum conditions was 705 ml. Results show that RSM (CCD) was a useful statistical tool for optimization of the key factors influencing the biohydrogen production.
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